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SUMMARY 

An investigation was made to  select a suitable orbi t  for  the PAGEOS Geo- 
detic Satellite program. 
of satisfactory observation opportunities, subject to  cer ta in  initial orbit  con- 
s t ra ints .  
volved in the selection. and a discussion of the charac te r i s t ics  of the selected 

Selection was based on obtaining a maximum number 

The final report  contains a complete discussion of all factors  in- 

orbit .  
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INTRODU CT ION 

The PAGEOS program i s  a program f o r  measuring the shape of the 

ear th  by photographing an Echo satellite against  the starfield background. 

Photographs a r e  to be taken f r o m  camera stations in a network of approxi- 

mately 35 o r  36 stations which a r e  distributed more  o r  l e s s  evenly over the 

ea r th ' s  surface. 

tion of a camera /sa te l l i t e  sightline at the t ime of exposure is determined by 

interpolating the images of the satellite into the celest ia l  coordinate system 

of the starfield background, with appropriate coordinate system rotation a s  

determined by the s idereal  t ime of the exposure. Simultaneous observation 

of a satell i te f rom two adjacent camera stations determines a plane con- 

taining the baseline connecting them, and a second set  of simultaneous ob- 

servations determines a second plane whose intersection with the f i r s t  gives 

the direction of the baseline. 

combined in an  appropriate adjustment to give the shape (except for scale 

factor)  of the observation station network. Observations may be made si- 

multaneously f rom two o r  three stations; three-  station observations a r e  to  

be p re fe r r ed  since information is gained relating to all three  baselines in  

the observation station triangle, whereas two- station observations yield data 

only relating to one baseline. 

(Table I l i s t s  the station locations considered. ) The direc-  

Other baselines a r e  s imilar ly  found and a r e  

To  be pract ical  and suitable for  such a program, the orbi t  of the satell i te 

must  satisfy a number of conditions. These a re :  

a. The orbi t  must initially be totally sunlit f o r  a period of 14 days to 

ensure  proper  inflation of the Echo satellite. 

b. The launch window must be a t  l eas t  1 hour. 

c. The initial apogee altitude must  be in the range of 4000 to 4500 

kilometers.  

d. 

e. 

The initial eccentricity must be in the range 0 to 0. 04. 

The inclination must be  in the range 80 to 90 degrees.  

1 



TABLE I 

ST AT ION LO C A T IONS 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26  
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

2 

Station Name 

Greenland, Thule AFB 
U. S. A, Aberdeen, Md. 
U. S. A ,  Larson  AFB, Wash. 
U. S. A ,  Aleutian Is., Shemya I. 
U. S. S. R ,  Tura,  Siberia 
Finland, Kuopio 
Azores Is., P ic0  I. 
Dutch Guiana, Paramaribo 
Equador, Quito 
Clipperton I. 
U. S.A,  Hilo, Hawaii 
Wake Island 
Japan, Kago shima 
India, Gauhati 
Iran,  Sabzawar 
Libya, Syrte 
Liberia, Roberts  Field 
Trindade Island 
Argentina, Villa Dolores 
Sala y Gomez Island 
Pukapuka Island 
Wallis Is. Uvea  I. 
New Guinea, Kikori 
Sumatra, Palembang 
Maldive Is., Male' 
Sudan, J uba 
Southwest Africa, Bogenfels 
So. Sandwich Is.,  Sawders I. 
Antarctica, Peter I. 
So. Pacific Ocean, Shoal 
New Zealand, Queenstown 
Australia, D enma sk 
St. Paul  Island 
Madagascar, F o r t  Dauphin 
Antarctica, U. S. S. R Station 
Antarctica, F ranc  e Station 

Latitude 
(degrees)  

76. 5 N 
39.5 N 
47.2 N 
52.7 N 
64.8 N 
62.7 N 
39.0 N 
05.5 N 
00.1 s 
10.3 N 
19. 8 N 
19.7 N 
31.7 N 
26.2 N 
36.5 N 
311 7 N  
06" 8 N 
2jo. 5 s 
3 2 .  0 S 
2 6 - 6  s 
1 4 . 7  s 
1 3 " 2  s 
87" 3 s 
83.0 S 
04, 7, N 
04. 8 N 
27. 8 s 
58.4 s 
69" 2 s 
41.5 s 
45.0 s 
35.0 s 
38.7 s 
25,o s 
68,O s 
67.0 s 

Longitude 
(degrees)  

68,7 W 
as;. 1 w 

119. 3 W 
174. 1 E 
101. 0 E 

28. 0 E 
28.5 w 
55.2 w 
78.5 w 

109. 2 W 
155. 0 W 
166.2 E 
130.6 E 

91.7 E 
57, 5 E 
16 ,4  E 
10.2 w 
29.4 w 
65, 1 w 

105, 2 W 
138.8 W 
176.3 W 
144.2 E 
105, 0 E; 
73,3  E 
31.6 E 
15.8 E 
26.7 W 
90,O W 

148.6 w 
168. 2 E 
lLB7.3E 
77.8 E 
47. 1 E 
46.4 E 

139. 0 E 



f. 

g. 
h. 

i. 

The argument of the perigee may be in the range 0 to 360 degrees. 

The launch interval may be the ent i re  year.  

The l ifetime of the orbit must be a t  l eas t  5 years .  

The orbit  must provide a la rge  number of suitable two-station and 

three-  station observation opportunitie S. 

The purpose of the orbi t  selection study was to choose, within the con- 

s t ra ints  of the f i r s t  seven conditions, an orbit  suitably satisfying the las t  

two. 

This choice is complicated by the fact that the effects of solar  p r e s s u r e  

on a high a r e a / m a s s  ratio satellite of the echo type lead to complex var ia -  

tions in eccentricity, inclination, and period. These variations a r e  difficult 

to re la te  to the frequency of acceptable viewing opportunities without exten- 

sive computation. In this report ,  a complete discussion i s  presented of all 

fac tors  considered in the selection of a suitable orbit. 

i s  described first, followed by a description of the computer programs used 

to a id  in the selection. 

cussed and the selected orbi t  is specified, with reasons for  its selection. 

Fur ther  detailed information regarding the computer programs and a pre- 

l iminary graphical analysis may be found in the appendixes. 

The general  approach 

Finally, the numerical  resul ts  obtained a r e  dis- 

The cr i te r ia  employed to judge the acceptability of a viewing opportunity 

were: 

a. The viewing station must be in darkness  (i. e., the sun i s  a t  least  

18 degrees  over the horizon) while the satellite i s  sunlit. 

b. The elevation angle f rom the station to the satellite must  be a t  

l eas t  30 degrees. 

ginal. ) 

(Elevation angles of 25 degrees  a r e  considered as m a r -  

C. The sun-satell i te-camera included angle must  not exceed 135 

degrees  . 
d. The viewing conditions must be acceptable a t  two o r  three stations 

simultaneously, for a period of at l eas t  2 minutes. 

3 
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e.  The satellite must  not exceed an altitude which would seriously de- 

grade the resolution of the photograph (i. e .  , 5000 km). 

f .  To complete the observations for each baseline, a t  least  two ob- 

servations must  be made to define planes intersecting the baseline a t  an 

angle of 60 degrees o r  g rea te r .  

A P P R O A C H  

Several  computer programs were used to aid in the orbit  selection proc- 

e s s .  

ure  1 of the following section and i s  explained in complete detail in that sec-  

tion. 

observation program, so that the following approach to the selection of an 

orbi t  was chosen to permit efficient use of computer time. 

The use of these programs i s  i l lustrated by the block diagram of f ig-  

Running time proved to be a severe  problem in the single-station 

The f i r s t  step in the selection process  was to examine a number of possi- 

ble orbi ts  (i. e . ,  orbits satisfying the initial launch restr ic t ions)  using the 

L,ifetime - 18 program; 

eccentricity variations, o r  other objectionable charac te r i s t ics  were r e -  

jected, and six of the most  promising orbi ts  were chosen for further study. 

To obtain a further comparison of these six orbi ts ,  an abbreviated prob- 

Of these orbi ts ,  those having poor l ifetimes,  large 

lem was defined. 

(stations 8,  17, 18, 2 7 ,  28,  29,  and 35) were chosen f rom the complete net- 

work. 

network by using the single- station observation program and the simultane- 

ous observation program; however, these calculations were performed only 

for  1 month out of 3 ,  over a period of 3 years .  

sampling would provide a suitable comparison of the orbi ts .  

comparison and selection were  made by tabulating the results and selecting 

the orbit  which gave the best overall  performance,  as explained in detail in 

the section entitled "Discussion and Results. I t  

In this problem, a network of seven representative stations 

The numbers of viewing opportunities were found for  this abbreviated 

It was believed that such a 

A tentative 

4 



A complete 5-year run was then made using the full  36-station network to 

ensure  that the selected orb i t  was satisfactory for  the complete problem. In 

addition, this run w a s  expected to provide a check of the assumption that the 

abbreviated problem was a reasonable approximation to the ful l  problem. 

Finally, using L,ifetime-18, variations within the launch window of the se- 

lected orbi t  were  studied to determine their  effect on lifetime, eccentricity 

changes, etc. 

COMPUTER PROGRAMS 

Digital Computer P r o g r a m s  and Interfaces 

The philosophy which has  been adopted in approaching the problem of 

selecting an orbi t  for  the PAGEOS (PAssive GEOdetic Satellite) is that of 

simulating the orbit  and the available observations f rom the sys tem of ground 

stations by a se r i e s  of digital computer programs.  

g r a m s  consider the occurrence of simultaneous observations by two o r  three 

ground stations f rom a satell i te in a continuously perturbed orbit .  

shows a block diagram of the digital computer programs and their  respective 

interface exchanges of information. 

Essentially these pro- 

Figure 1 

The first program shown is known as  the "Lifetime 18" program and was 

originally developed by the NASA Goddard Space Flight Center. 

g r a m  has  been modified extensively in the a r e a  of ear th  shadow determina- 

tion, and additions have been made to calculate other quantities significant to 

this study. "Lifetime 18" is essentially an orbi ta l  prediction program which 

uses  a variation of pa rame te r s  like method of integrating the long t e r m  

orb i ta l  perturbations Over a constant step s ize  of one day to determine a t ime 

his tory of each of the orbital  elements. 

s idered a r e  those due to the second, third,  and fourth harmonics of the 

earth's gravitational field, the direct  solar  p r e s s u r e  fo rces  on a uniformly 

This pro- 

Among the perturbing forces  con- 

5 



"LIFETIME 18" 
CALCULATE ORBITAL PERTURBATIONS 

OVER TIME PERIOD OF INTEREST 

END OF 

ORBITAL ELEMENTS, 

EARTH SHADOW ANGLES, ETC 

AS A FUNCTION OF TIME PHASE II: 

TRANSIT T IME TABLE:  --- 

Figure 1 .  Block Diagram of Digital Computer P r o g r a m  

6 



coated satell i te,  the gravitational forces of both the sun and the moon, and 

the effects of atmospheric drag on the satellite. 

generate  a t ime history of the orbital elements of the satell i te which a r e  

s tored  on magnetic tape for  use by the next program.  

This program i s  used t o .  

The second program in the chain is called the "Single Station Observation 

Program!!  and has  been developed for this study. It uses  the orbital  param-  

e t e r  information generated by the "Lifetime 18" program and solves for  the 

times when the satell i te will pas s  over each station. 

res t r ic t ions,  such as  the requirements that the station be in darkness ,  the 

satell i te be in sunlight, and the elevation angle exceed a minimum of 30 de- 

g r e e s ,  a r e  used in this program. The application of these restr ic t ions and 

the methods of solution a r e  explained in much g rea t e r  detail  in the next sec-  

tion. The program generates ,  a s  output, a magnetic tape containing the 

observation t ime l imits  for  each station and the radius vector to the satell i te 

a t  the t ime of entrance to and exit f rom an observation. 

The third program in the chain is  called the !'Simultaneous Observation 

This program is 

Basically, it chronologically 

A l l  of the single station 

P rogram"  and it a lso has  been developed for  this study. 

descr ibed in m o r e  detail  in a later section. 

s o r t s  the table of t rans i t  t imes obtained f rom the "Single Station Observation 

P rogram"  and determines the simultaneous observations f rom adjacent over-  

lapping t imes  in the sor ted table. It a lso applies a generalized altitude t e s t  

( a s  a function of baseline distance) and calculates the angle which the satel-  

lite makes  wi th  respec t  to a vertical  plane through the baseline. A s  output, 

it generates  a frequency of observation table which provides the number of 

observations available over a specified t ime period for  each defined pair  and 

triangle of stations. 

This  frequency of observation table has  been used as  the bas i s  for  select-  

ing the orbi t ,  thus marking the completion of this study. 

a s  an input to a subsequent study which will determine a camera  logistics 

It is a lso to be used 

7 



strategy to be used to optimize the t ime required to complete a l l  the 

ob s e rvations . 
A fourth program, called the "Logistics Program,  wi l l  be developed for 

this purpose. 

the probability of cloud coverage over each station and the t ravel  t imes  be- 

tween each pair  of stations to determine an optimum timetable of camera  

movements. 

It will consider, along with the frequency of observation table, 

Single Station Observation P rogram 

The second program in the set  of three used in the determination of view- 

ing opportunities f o r  various orbi ts  is the "Single Station Observation P r o -  

g ram.  I t  

program to determine the successful t ransi t  t imes of the satellite over each 

of the ground stations. 

the successful transit a r e  that the station be in darkness  (sun a t  least  18 

degrees  below horizon), the satellite be in sunlight, the satellite pass  

through a 60-degree cone of observation around the ground station (marginal  

observations a r e  considered down to 65 degrees) ,  and these conditions pre-  

vail for a t  least  2 minutes. 

It uses  the orbital  parameter  data generated by the "Lifetime 18" 

Among the restr ic t ions considered in determining 

It has been found that the restriction imposed on the station, satellite, 

s u n  angle (must  be l e s s  than 135 degrees)  can only be exceeded occasionaly 

for marginal observations and never  for elevation angles above 27 degrees .  

The geometry of this situation is shown in appendix I. 

can never be exceeded for a good observation, it is not considered in the 

"Single Station Observation P rogram.  

Since this res t r ic t ion 

The t ransi t  times calculated by this program a r e  passed along by means 

of magnetic tape to the "Simultaneous Observation P rogram"  where they a r e  

compared on a time basis to determine simultaneous observations.  

altitude restriction (5000 km. ) is a lso considered in this program. 

The 

8 



A macro  diagram of the program is shown in figures 2 and 3 .  This dia- 

g r a m  is by no means meant to show the detailed implementation of the pro-  

g ram,  but is intended to show the order  in which the computations a r e  made 

and the logic involved in carrying out the tes t s  on the var ious restr ic t ions.  

The program essentially consists of t h ree  loops. The inner loop i teration 

is performed over each of the stations, the middle loop is performed over 

each orbit ,  and the outer loop is performed over each day. 

A s  shown in figure 1 ,  the program is s tar ted with an  initialization process  

and immediately passes  into the block which reads  the orbi ta l  parameter  in- 

formation produced by the I'Lifetime 18" program. 

of the following orbital  parameters :  a ( semimajor  axis), e (eccentricity),  

i (inclination), S2 (right ascension),  (r: (argument of perigee),  and the eccen- 

t r i c  anomalies a t  which the satellite pas ses  into and out of the ea r th ' s  shadow. 

Immediately following this  the sun vector ,  which is assumed constant over a 

day, is calculated for  that day a s  described in appendix 11. 

n e s s  t imes ,  i. e . ,  the t imes  a t  which each station en ters  and leaves the region 

of total  darkness  for  that day, a r e  calculated as described in appendix 111. 

This completes the computations which must  be made only once every day and 

the program passes  into the t e s t  f o r  the end of day. 

This  information consists 

The station dark-  

The computations which m u s t  be performed only once a n  orbi t  a r e  shown 

in the block following the end-of-day tes t .  

of-orbi t  t ime to the next right ascension crossing t ime and calculating the 

t i m e s  during which the satell i te is in the ea r th ' s  shadow. 

ascension crossings a r e ,  of course, separated by increments  of 277 on the 

angle u tu ( t rue  anomaly plus argument of per igee) .  

this  angle is an integral  multiple of 2 n define the points of right ascension 

crossing.  

solving the equation: 

These consis t  of updating the end- 

Successive right 

The t imes  at which 

The t imes  of right ascension crossing a r e  then calculated by 

s i n ( u t 0 )  = 0 

9 



READ I N  O R B I T A L  P A R A M E T E R S  
A N D  E A R T H  SHADOW ANGLES 
FROM " L I F E T I M E  18" PRODUCED 
M A G N E T I C  T A P E .  

C A L C U L A T E  SUN V E C T O R  
AND S T A T I O N  

D A R K N E S S  T I M E S  

* 

4 

P . 
I DAY CHANGE. 

D U R I N G  N E X T  
H A L F  O R B I T ?  

DAY 

U P D A T E  ORBIT T I M E  TO 
N E X T  RIGHT ASCENSION 

T I M E .  CALCULATE E A R T H  
SHADOW T I M E S .  

T H E R E  A > C O M P L E T E  < O V E R L A P  OF 

7. 

rES 
WRITE U S E F U L  T R A N S I T  T I M E S  
AND OTHER R E L A T E D  INFOR- 
M A T I O N  ON M A G N E T I C  TAPE FOR 

O B S E R V A T I O N  PROGRAM"  
USE BY "SIMULTANEOUS 

5 1 7 5 A - V B - 4  

Figure  2 .  Single Station Observation P r o g r a m  
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I NCREMEM STATION RESET F L A G  

SAVE THIS MAX 

N E X T  ORBIT 
c T I M E  FOR 

4 

NO 

USE LAST ESTIMATE FIRST 
ESTIMATED MAX E T I M E  AFTER 
M A X  c T I M E  4j-31g P Q I 

E LEVATION ESTIMATE NEXT 
MAX E T I M E  

LIMITS OF OB- 
SERVATION ARE 

ONE C R I T I C A L  E 

DARKNESS T I M E  

NO 

STATION I N  
DARKNESS AT 

C R I T I C A L  

t ~~ 

CALCU L A T E  
CRITICAL T I M E  
STATION DARKNESS 

SIDE OF MAX 
c T I M E  
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Figure  3. Single Station Observation P rogram 
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Due to the variations of the orbi ta l  parameters ,  the orbit  does not close 

upon itself and hence this equation cannot be solved explicitly. 

son an i teration i s  performed in the region of an  orbital  period away f rom 

the present  right ascension crossing to find the t ime which satisfies the 

equation. 

the manner described in appendix IV. 

F o r  this rea-  

The true anomaly and argument of perigee a r e  related to t ime in 

The ear th  shadow t imes a r e  calculated f rom Kepler 's  equations and a r e :  

M = E - e s i n E  

M 
t = T t -  

S o n  

where E is  the eccentric anomaly of the satel l i te ' s  passage into the ea r th ' s  

shadow obtained f rom the "L.ifetime 18" information, To i s  the t ime of 

perigee passage, and n is  the mean angular motion of the satellite. 

computation i s ,  of course,  repeated for the angle of exit f rom the ea r th ' s  

shadow. 

The 

The information shown in figure 3 and on the right-hand side of figure 2 i s  

all contained in the station loop of the program and shows the coarse  tes t s  

and logic involved in determining the successful observations. 

calculations of the t imes of entrance into and exit f rom the cone of observa-  

tion a s  described in appendix IV take a relatively large amount of machine 

t ime, the philosophy which has  been adopted is to re ject  a s  many stations 

a s  possible on coarse tes t s  before performing the more  detailed calculations. 

The f i r s t  t es t  shown upon entering the station loop in figure 2 is such a tes t ;  

i. e . ,  if the station i s  not in darkness  a t  any t ime during the cu r ren t  orbit ,  

the program passes  immediately to the next station. The coa r se  elevation 

test ,  described in appendix V and shown in f igure 2, is another such test and 

checks to see whether the elevation angle can possibly be g rea t e r  than the 

allowable minimum. 

Since the 



P r i o r  to this the point of maximum elevation had been estimated by the 

procedure descr ibed in appendix VI. 

this estimation is used as  a starting value for  calculating the maximum eleva- 

tion t ime a s  descr ibed in appendix IV. 

grea ter  than the allowable minimum ( 2 5  o r  30 degrees) ,  the p rogram calcu- 

la tes  either one o r  both of the minimum elevation t imes ,  depending on the 

conditions of station darkness in that region of t ime. This procedure is a lso  

descr ibed in appendix IV. 

If the coa r se  elevation t e s t  is passed, 

If the result ing maximum elevation is 

After the limits of observation have been obtained with respec t  to the cone 

of observation and the station darkness t imes ,  they a r e  compared with the 

ear th  shadow t imes,  and overlapping t imes  a r e  deleted as  shown in figure 1. 

A final t e s t  is made to determine if the resulting limits of observation a r e  2 

minutes apar t .  

tion and the radius vectors  to  the satellite at the t imes  of entrance to and 

exit f rom the observation a r e  written on a magnetic tape to be used by the 

!'Simultaneous Observation Program.  I !  The radius vec tors  a r e  used both in 

making the altitude tes t  and in calculating the angle which the satell i te makes 

with respec t  to a ver t ica l  plane through the baseline. 

If all these t e s t  requirements a r e  met, the limits of observa-  

When the computations fo r  a particular station have been completed, e i ther  

through fai lure  to pas s  one of the tes t s  o r  through the calculation of a suc- 

cessful  observation, the next maximum elevation t ime is estimated and the 

program ei ther  processes  that time o r  goes on to the next station if  that 

t ime is in the cur ren t  orbit. 

F o r  the sys tem of 36  ground stations current ly  being studied, the p rogram 

will run at a ra te  of approximately 2 days of r e a l  t ime to 1 minute of UNIVAC 

11 07 machine t ime and 10 days of real time to 1 minute of IBM 7094 MOD I1 

machine t ime. 
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Simultaneous Ob s e rva tion P r o g r a m  

The "Simultaneous Observation Program" determines ( f rom a given set  

of single station observations) those ground stations which simultaneously 

observe the satellite for a given t ime interval. 

each station pair the specific data concerned with that observation; e. g . ,  

marginal o r  acceptable observation, acceptable satell i te altitude, entrance 

and exit line of sight angles,  etc.  These data a r e  accumulated and printed 

a t  a given interval a s  well a s  tabulated according to t ime of occurrence.  

The program also searches for simultaneous observations among any three 

of the given ground stations. 

triangle observations' '  is tabulated according to t ime of occurrence a s  well 

a s  accumulated and printed periodically. The program has a complete bat- 

t e ry  of diagnostics including information such a s  those station pa i r s  and t r i -  

angles which were not defined a s  such, those station pa i rs  which simultane- 

ously observed the satellite but a t  an unexceptable altitude, etc.  

The program tabulates for 

The data concerned with the "simultaneous 

A simplified flow diagram for the simultaneous observation program is 

found in figures 4 and 5. Basically, the program works a s  follows. A set  

of single station observations is  read in f rom a magnetic tape which was 

previously generated by the "Single Station Observation P rogram.  These 

data consist  of the station number,  t imes  of entrance into both the 25- and 

30-degree cones of observation, t imes  of exit f rom both the 25- and 30- 

degree cones of observation, and the radius vectors  to the satellite a t  the 

30-degree entrance and exit t imes.  

This set  of data is then sorted on the 30-degree entrance t ime for  each 

single station observation. 

single station observations - f i r s t  looking two observations ahead in order  

to search  for  simultaneous observations between three ground stations and 

then, if a triangle i s  not encountered, looking ahead one observation f o r  a 

simultaneous observation between a pair  of stations. 

The program then s teps  through this se t  of 

The c r i te r ion  f o r  a 

1 4  

c 
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Figure 4. Simultaneous Observation P r o g r a m  
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simultaneous observation is a 2-minute t ime interval  for  which both ground 

stations observe the satellite. 

entrance and exit t imes  of both stations, determining the overlapping t ime 

interval,  and comparing this with 2 minutes. 

This interval is determined by examining the 

If the stations a r e  found to observe the satell i te simultaneously for  a 

period of 2 minutes,  the observation is  considered acceptable if  both the en- 

t rance  and exit t imes  a r e  the 30-degree t imes.  

tion is considered marginal  if the 25-degree entrance o r  exit t ime is used for  

e i ther  station. F o r  all simultaneous observations between stations,  the alt i-  

tude of the satell i te is checked. If the altitude of the satell i te is computed to 

be g rea t e r  than 5000 km. ,  a diagnostic is printed and the station pair  i s  not 

recorded a s  acceptable. Also, for a simultaneous observation between two 

stations the line-of-sight angle between a plane through the station pair  base-  

line and the center of the ear th  and a plane coincidental with the satellite and 

the station pa i r  baseline i s  computed for both the entrance t ime and the exit 

t ime.  The method used to determine these angles may be found in appendix 

v 11. 

The simultaneous observa-  

Finally, a l l  simultaneous observations for  station pa i r s  and station t r i -  

angles  a r e  checked to see if they a r e  in a table of previously defined pa i r s  

and triangles.  If these observations a r e  found to be in the table, the infor- 

mation associated with the observation is s tored in the baseline o r  tr iangle 

table. 

printed. If the station pair  o r  triangle is not defined in the appropriate 

table,  a diagnostic is printed. Finally, it should be noted that there  a r e  

var ious  options in the program concerned with printing and running the job 

in a piecewise fashion. 

At a specified print  interval the information is accumulated and 
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DISCUSSION AND RESUL,TS 

Initial Orbit Selection 

Due to the impracticality of running all orbi ts  through the complete chain 

of p rograms (because of the machine t ime problem on the "Single Observa- 

tion Program"),  a preliminary set  of orbits has  been chosen based upon the 

resu l t s  of the previous orbital  stability study. * 
The f i r s t  orbit selected is  that tentatively chosen by the NASA L,angley 

Research Center f r o m  the resu l t s  of the previously completed study and is a 

c i rcu lar  orbit at 87 degrees  inclination a t  an altitude of 4250 km. 

probable launch date of late second quar te r ,  1966, the launch date of 

June 1 , 1966 was chosen. In addition, the high inclination orbit  (grea te r  

than 85 degrees)  which produced the least  eccentricity a t  each altitude was 

chosen. This provided orbi ts  of 85 degrees  a t  4000 km, 89 degrees  a t  4250 

km, and 90 degrees at 4500 km. One further orbit  w a s  selected,  that being 

the orbit  which produced the least  eccentricity of all ,  the 80-degree orbi t  

a t  4500 km. 

F r o m  a 

Since it had been shown in the orbital  stability study that the maximum 

eccentricity reached by an  orbi t  w a s  also dependent on the t ime of day of 

launch, these five orbi ts  have been studied extensively with respect  to the 

launch t ime of day through the use of the "L,ifetime 18" program. 

sults of this study a r e  shown in figures 6 through 10. 

The r e -  

A s  can be seen, the launch t ime of day (launch right ascension) is ve ry  

cr i t ical  to the maximum eccentricity that the orbi t  reached. In a l l  cases  

except the 4500-km, 80-degree orbit ,  the satell i te w i l l  have a l ifetime of 

l e s s  than 5 years  for a launch during cer ta in  c r i t i ca l  portions of the day. 

*"Stability of Orbital P a r a m e t e r s  of an Echo I Type Satellite, Final Report  
for Phase I11 of NASA contract NAS 1-3131, July 1964. 
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Figure 10. Maximum Eccentricity vs Launch Right Ascension - Orbit 5 

However, the minimum launch window of 1 hour (15 degrees  of right ascen- 

sion) is  sufficient in a l l  ca ses  to insure the obtaining of new optimum maxi- 

mum eccentricity for that orbit .  

F igures  6 and 8 show the effects of different launch dates  on both the maxi- 

mum eccentricity and the initial periods of continuous sunlight. 

seen, the maximum eccentricity curves retain their  s a m e  general  shape, but 

in some c a s e s  reach different values of maximum eccentricity.  A s  would be 

expected, the initial continuous sunlight regions simply slide along the launch 

right ascension axis.  

A s  can be 

In choosing the launch right ascension for  the orb i t s  to be studied fur ther ,  

the c r i te r ion  used w a s  that it should produce a minimum eccentricity while 

fulfilling the condition of having initially a t  least  14 days of continuous sun- 

light. 

follows. 

The orb i t s  chosen for further study can then be summarized a s  
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In summary,  orbits 1 through 4 were chosen because of their  combination 

of low eccentricity and high inclination, orbit  5 was chosen because of i ts  

extremely low eccentricity even though the low inclination i s  known tocause  

problems in fulfilling the observation requirements for the polar stations, 

and orbit  6 was chosen to show the effects of a different launch date on the 

frequency of observations. 

Final 0 rb  it Select ion 

The six chosen orbi ts  were analyzed fur ther  using an abbreviated prob- 

lem in which only seven stations were considered and in which the viewing 

opportunities were found for periods of 1 month every 3 months, over a 

t ime interval of 3 years .  

a r e  listed in table I1 below. 

table I; the "new" numbers a r e  those adopted for  analysis  of the abbreviated 

problem. ) 

network which appeared to include a particularly representative selection of 

baselines and triangles. 

The seven stations of the abbreviated problem 

(The "old" numbers r e fe r  to the numbers of 

These particular stations were chosen because they formed a 



TABLE I1 

SEVEN STATIONS O F  THE ABBREVIATED PROBLEM 
~~ 

"Old" Number 

8 

17 

18 

27 

28 

29 

35 

Station 

Dutch Guiana, Paramar ibo  

Liberia,  Roberts Field 

Trindade Island 

Southwest Africa,  Bogenfels 

S o .  Sandwich Is. , Saunders I. 

Antarctica, Pe te r  I. 

Antarctica, U.  S. S. R .  Station 

"New" Number 

The locations of these stations (and a l so  of the stations of the complete 

r t t ' t  w o r k )  are shown on figure 11. 

To evaluate the data obtained tlirough consideration of the abbyeviated 

1- r,)blem, tables w e r e  prepared u:, 116 results I ~ - * , I I I  tht ~ ~ u L ~ J c I L  C J ~  tile s i inu l t an -  

eous observation program. 

Tables I11 and IV i l lust rate  the results obtained for  orbi t  1 (which was the 

orbi t  finally selected).  In this table, the tabulated en t r ies  a r e :  

a .  Number of good observations (G) in each t ime interval. (Time 

intervals  w e r e  1 month in duration a t  intervals  of 3 months. ) 

b. 

c. 

Number of marginal  observations (M) in each t ime interval. 

Number of observations in which the angle of the observation plane 

19  grea te r  than 30 degrees  f rom vertical  (t). 

d. Number of observations in which the angle of the observation plane 

is less than -30 degrees  f rom vert ical  ( - ) .  

e. Totals for  the 3-year period. 

In table IV, the good (G)  and marginal (M) en t r ies  apply to the whole tri- 

P n q l e ,  while the (t) and ( - )  ent r ies  apply to the baselines whose endpoints 

a r e  the 1st and 2nd, 1st  and 3rd,  and 2nd and 3rdstat ions l isted,  respectively. 
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Figure 1 1 .  3 6 -  and 7-  Station Network 
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F o r  example, the (+), ( - )  entr ies  associated with triangle 2-3-4 refer  to 

baselines 2-3, 2-4, and 3 - 4  respectively. Negative entr ies  a r e  associated 

with observation planes which slant upward and to the right when the higher 

numbered station i s  viewed f rom the lower numbered station, positive en- 

t r i e s  with planes slanting to the left. These entr ies  were tabulated for a l l  

baselines (table HI), and for each triangle and al l  baselines of each triangle 

(table IV). 

W ,  so that the total number of observations associated with any given base- 

line may be obtained by summing the information in the two tables. A lower 

bound on the number of observations intersecting at angles of 60 degrees o r  

grea te r  may be obtained by summing the (t) and ( - )  entries.  

a lower bound; fo r  example, a 60-degree intersection could be obtained with 

observation plane angles of t40 and - 2 0  degrees ,  but this la t ter  observation 

would not be tabulated in the ( - )  category since it is grea te r  than -30 de- 

grees .  ) 

Observations shown on table 111 a r e  in addition to those of table 

(This is only 

Similar tables of appendix VI11 show resul ts  obtained for other orbits.  

A summary table w a s  then prepared (table V),  using data for a l l  six 

orbi ts  considered. The entr ies  in this table a re :  

a. Total number of goodjmarginal observations for all baselines 

(excluding observations for tr iangles).  

b. Number of observations for the most observed and the least  ob- 

served baselines (including triangle observations). 

c. 

d. 

Total number of good/marginal observations for all triangles. 

Number of baselines for  which observations were not obtained in 

both the ( t)  and the ( - )  categories. 

e. Number of tr iangles and baselines unobserved. 

Examinationof table V reveals that, of the first 5 orbi ts ,  orbits 2 and 3 

a r e  relatively undesirable, due to a large number of "no (t) and ( - ) I '  

occurrences and because the numbers of observations associated with the 

28 
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least  observed baselines a r e  ra ther  low. 

(numbers 1, 4, 5) ,  orbit  No. 1 was chosen f o r  the following reasons: 

Of the remaining 1 June orbi ts  

a. Orbit  4 sco res  somewhat low in t e r m s  of total baseline observa- 

tions and number of observations of the least  observed baseline. 

b. Prel iminary graphical analysis (appendix IX) indicates the pos- 

sibility of difficulties in obtaining satisfactory observation of a l l  near-polar 

baselines with an orbit  inclination of 80 degrees.  Although this was not in- 

dicated during study of the abbreviated problem, it is possible that difficul- 

t ies  might a r i s e  w i t h  consideration of the complete network. F o r  this reason, 

the more  highly inclined orbit  1 appeared to be a more  conservative choice. 

In addition to the five orbi ts  discussed above, a sixth run w a s  made using 

the same altitude and inclination as used for  orbi t  1, but with a 1 October 

launch date. 

1 October launch i s  a lso seen to give good performance, having more  total 

baseline observations and fewer triangle observations. 

Comparing these resul ts  with those for  1 June launch, the 

After selection of orbi t  1 based on the considerations discussed above, a 

In this run, the 36-station complete 5-year run was made for this orbit. 

network was used and t ime sampling was not employed. 

run, presented in the form of tables s imi la r  to tables I11 and N, may be 

found in appendix X. In summarizing these resul ts ,  several  points were 

noted: 

The resul ts  of this 

a. A l l  required observation conditions were fulfilled. Simultaneous 

three station of observations were obtained a t  all tr iangles except the polar 

tr iangles.  

observed a s  required. 

However, the baselines of the polar tr iangles were  individually 

b. A definite pattern of observation opportunities at high northern 

and southern latitudes was observed. 

northern latitudes during the summer  months (June, July, August) and good 

during winter months, with the conditions a t  southern latitudes exactly 

Observations were  poor at high 
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reversed.  

night a s  a function of season. 

This w a s  expected, due to the variation in the lengths of day and 

c. Observations were  more  common during the f i r s t  yea r  than during 

l a t e r  years .  

ing observations at all points of the orbit ;  however, in la te r  yea r s ,  the orbi t  

becomes eccentric until portions of the orbi t  exceed the 5000-km-altitude 

limitation, reducing the number of observation opportunities possible. 

This is due to the fact that the orbi t  is initially c i rcu lar ,  allow- 

d. The resu l t s  of the 5-year run agreed reasonably well with those of 

the corresponding sampled run. 

end of this section. 

This point is discussed m o r e  fully a t  the 

Time of Day of Launch 

To determine the exact t ime of launch required to achieve a given right 

ascension, it is necessary  to  consider the exact launch t ra jectory f rom 

launch to orbi t  injection. F o r  the 1 June launch, an  approximate launch t ime 

was calculated ignoring the launch trajectory; the procedure of this calcula- 

tion may be found in appendix XI. 

Pacific Standard Time,  for  launch 1 June 1966. 

The approximate launch t ime w a s  6:30 AM, 

(24/n) Hour Orbi ts  

If the period of a satellite orbi t  is an  integral  f ract ion of a s iderea l  day, 

the satell i te would appear  a t  the same position a t  the same time each day, 

resulting in a poor pat tern of coverage. 

quite close to the altitude of such a resonant orbit ,  that altitude being 

4160 k m  for  a 3-hour orbit. 

provides a satisfactory degree  of nonresonance. 

the ea r th  position under the satellite shifts about 3 degrees  pe r  day; thus, the 

total  ear th  surface is covered in 15 days. (The orbi t  period is  about 3 hours ,  

corresponding to 8 revolutions pe r  day o r  45 degrees  of ear th  revolution pe r  

orbit ;  45 deg rees /3  degrees  per  day = 15 days. ) 

The altitude of the selected orb i t  is 

However, even a small variation in altitude 

F o r  a n  altitude of 4250 km, 
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During the 5-year period, la rge  variations in orbi t  elements a r e  en- 

countered, as  much as  60 km in altitude and 3 degrees  in inclination. 

cause of these variations, even if the orbit  initially has a 3-hour period, this 

Be- 

condition would not long pe r s i s t  and a satisfactory degree of nonresonance 

would be attained. It was concluded f rom these considerations that resonant 

conditions as  described above will not exist  for  any significant length of t ime 

and w i l l  not be an important problem. 

Stability of Selected Orbit  

With the nominal launch conditions chosen to be a 4250-kilometer c i rcu lar  

orbi t  at 87-degree inclination, 345-degree right ascension and a date of 

1 June 1966, a study w a s  made to determine the orbi ta l  stability of the satel- 

l i te a s  a function of deviations f rom the nominal conditions. The Lifetime 18 

orbital  prediction program w a s  used to determine the orbi ta l  stabilities in 

this study. The time variations of the orbital  elements of the nominal orbit  

have a l so  been plotted in detail and a r e  shown later  in this section. 

In figures 12 through 15 a r e  shown the variations of maximum eccentric- 

ity and the initial period of continuous sunlight with respect  to the launch 

right ascension ( t ime of day). This information is given for  12 launch dates  

throughout the year ( f i r s t  day of each month) assuming a nominal conditions 

on the launch altitude, eccentricity, and inclination. A s  can be seen, the 

maximum eccentricity curves  re tain the same general  shape for changes in 

the launch date. 

the launch right ascension axis.  

The initial periods of continuous sunlight simply slide along 

In figure 16 is shown a c r o s s  plot of the information given in figures 12 

through 15 for  several  selected launch right ascensions.  

in all cases  the maximum eccentricity va r i e s  nearly sinusoidally with 

respect  to the launch date. 

of this information for launch dates  between the actually computed da tes -  

The sinusoid for the 320-degree launch right ascension is seen to be 

A s  can be seen, 

This allows a relatively accurate  interpolation 
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Figure 12. Maximum Eccentricity vs Launch Right Ascension - 
June, July,  August 
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Figure 13. Maximum Eccentricity vs Launch Right Ascension - 
September,  October, November 
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. 
approximately 180 degrees  out of phase with respect  to the other launch right 

ascensions.  

curve appears  to flatten out and shift its phase relationship. 

of the 120-degree curve indicates the approaching of another transition point 

where the phase relationship will be shifted again. 

A t  approximately a launch right ascension of 340 degrees ,  the 

The flattening 

Figure 17 shows the nominal launch right ascension which should be 

chosen a s  a function of the t ime of year ,  and the maximum eccentricity a s -  

sociated with that orbit. These right ascensions were chosen f rom the two 

considerations of minimum eccentricity and fulfillment of the 14-day con- 

tinuous sunlight requirement . 
Generally, there a r e  two regions of launch right ascension around 340 

In and 90 degrees  where the maximum eccentricity reaches a minimum. 

a l l  cases ,  one o r  the other of the two regions of continuous sunlight occurs  

nea r  one of the minimum eccentricity points. Figure 17 w a s  generated,  
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Figure 17. L,aunch Right Ascension vs Launch Date 
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then, by determining the right ascension which produces the leas t  eccentricity 

within a 2-hour launch window (30-degree right ascension) and fulfills the 

continuous sunlight requirement.  

points of transit ion f rom one sunlight region to the other .  

The points of discontinuity on the curve a r e  

A s  can be seen, there  w i l l  be a penalty in t e r m s  of eccentricity for launch- 

ing during cer ta in  t imes  of the year. 

launch window i s  seen to v a r y  between about 0.225 and 0.295. 

altitude can be calculated by the expression: 

The eccentricity within the 2-hour 

The perigee 

p = a(1-e) - R e 

where a is the semimajor  ax is  of the orbit  and R 

F o r  the 4250-kilometer orb i t  the perigee altitude will be equal to 2225 kilom- 

e t e r s  and 1060 kilometers f o r  eccentricit ies of 0. 20 and 0.30, respectively.  

Considering then, that the Echo I satellite reaches a perigee altitude of ap- 

proximately 1000 ki lometers ,  even the maximum eccentricity of 0. 295 is not 

considered to seriously affect the lifetime of the satell i te.  

shown resu l t s  of the 7-station t ime sampled run for  a 1 October launch date 

indicates that this added eccentricity will not ser iously degrade the number 

of ava ilable ob s e rva t ion s . 

is the radius  of the earth.  e 

The previously 

In figure 18 a r e  shown the effects of other launch e r r o r s  on the maximum 

eccentricity of the orbit .  Four  different arguments  of perigee were  ex- 

amined for a launch eccentricity of 0. 02 (over  twice the 3-sigma limit). 

can be seen, the initial eccentricity is either added o r  subtracted f rom the 

nominal eccentricity depending upon the initial orientation of the perigee. 

the c a s e  of the altitude e r r o r ,  an  e r r o r  on the low side by 100 kilometers is 

seen to increase the maximum eccentricity by approximately 0. 03, while a 

100-kilometer e r r o r  on the high side does not affect the eccentricity ap- 

preciably.  

i nc rease  by near ly  0.02 pe r  degree of inclination between 86- and 88-degrees  

A s  

In 

F o r  the inclination e r r o r ,  the maximum eccentricity is seen to 
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Figure 18. Launch E r r o r  Effects on Maximum Eccentricity 

inclination. In al l  cases ,  the e r r o r s  studied appear  to be we l l  outside the 

3-sigma limit on the launch conditions and even for  these extreme e r r o r s  

the eccentricity does not increase enough to degrade either the lifetime of 

the satellite o r  the number of available observations. 

In f igures  19 through 22 are  shown the actual variations of the orbi ta l  ele- 

ments a s  a function of t ime for an orbit  with the nominal launch conditions. 

A s  can be seen, the altitude va r i e s  a total of 60 ki lometers  and the inclina- 

tion a total of 3 degrees  over the 5-year period of interest .  

Validity of Sampling 

Several  tables were prepared to check the validity of the sampling tech- 

niques employed in the abbreviated runs. 

resul ts  of investigating the t ime sampling procedure.  

four interior baselines and the five tr iangles of the 7-station problem, r e -  

sults obtained from the sampled run using orb i t  No. 1 compared with those 

Tables VI and VI1 present  the 

Considering only the 
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Figure 21. Inclination of Nominal Orbit as a Function of Time 

L A U N C H  CONDITIONS : 

I JUNE 1966 LAUNCH DATE 

- 4250 - K M  C I R C U L A R  L A U N C H  

87 - DEGREES I N C L I N A T I O N  
v) 
W 

(3 345- DEGREES R I G H T  ASCENSION 
w 
n 

0 t 8 5 -  
5 

f 

z 

-I 
V 

84 - 

TIME (DAYS FROM LAUNCH) 

Figure 22. Argument of Per igee and Right Ascensionof Nominal Orbit 
a s  a Function of Time 

40 



TABLE V I  

BASELINE RESULTS 

E N D  OF TIME INTERVAL IN DAYS FROM J A N  1 - 
5 1 0  

3 3  

- - 

15 

2 
7 
4 

6 

- 

- 

1965 

T O T A L  GOOD S A M P L E D  RUN 525 2 7 0  108 
OBSERVATIONS T O T A L R U N  4 1 4  182 167  

3rd 
Year  

66 
9 
8 

15 

2 1  
9 
7 

12 

6 

2 

19 

75 

69 

4 4  

1 4 7  
65  
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T A B L E  VI1 

TRIANGLE RESULTS 

T r i a n g l e s  

B a s e l i n e s  610 700 
and iKD 

8- 17- 18 

(1-2-3) 

S 
8- 17- 18 C 6  3 

M Z  
(1-2-3) t 3  2 

- 2  2 
t 8  3 

+ 
T - 8  3 

18-27 G 15 
-28 hl 9 

(3-4-5) 15 
t 12 

t 

t 
S 9 

18-27 G 6  7 
-28 M 2  2 

4 2  
( 3-4- 5)  - 5  6 

t 8  3 

28-29 
- 3 5  

(5-6-7) 

174 

28-29 
- 3 5  

(5-6-7) 

T 

3 

3 
3 

3 

6 
1 1  

1 2  
1 

1 
1 1  

1 1  

2 

102 

185 

2' 
1 O I  

l i  

27 6' 

1; 
37 71 
3 8  113 

9 

I 

21 
3 
18 
9 
21 

27 
5 

3 

3 

7 

1 
5 

1 
2 

1 

TOTAL GOOD 
OBSERVATIONS 

18 

- 
SAMPLED RUN 
TOTAI,  RUN 

267 133 123 9 
22 3 135 R O  IO 

4 2  



obtained f rom the f i r s t  3 y e a r s  of the full 5-year  run (through interval 1510). 

In these tables,  the resu l t s  of the sampled runs were  multiplied by 3, since 

the sampling interval w a s  1 month in 3, and w e r e  l is ted in the rows marked  

S. 

rows marked T, the resu l t s  being summed over  the appropriate 3-month in- 

tervals .  

total  numbers  of good observations obtained, although the correlat ions a r e  not 

always high in the individual intervals. 

gested by examination of the resul ts  and the computer output data. 

the single- station observation program, a ficticious satell i te position is in- 

troduced, since Lifetime- 18 does not integrate satell i te position. These 

ficticious positions tended to dr i f t  apar t  in the two runs (the sampled run 

and the complete run),  and as  a result  of this dr i f t  the single station and 

multiple station observation tables were no longer in agreement  on a month- 

to-month basis .  This difference should m o r e  o r  l e s s  average out over  long 

t ime periods,  and is of questionable significance since the ficticious satell i te 

positions have no r ea l  physical meaning at all. Secondly, the sampled inter-  

va ls  always occurred  in June,  September, December,  and March, and thus 

the l a rge  numbers  of observations obtained nea r  the poles during the sols t ices ,  

when multipled by the factor three,  tended to bias  the sampled resu l t s  high as  

compared with the resu l t s  of the complete run. Since this  factor would affect 

all sampled runs approximately equally, its effect on the comparison of the 

var ious  orb i t s  is diminished. 

The corresponding resu l t s  f rom the complete run were l is ted below in the 

A fa i r  degree of correspondence may be noted on comparing the 

Several  reasons  for  this were sug- . 

F i r s t ,  in 

Table VI11 lists resu l t s  applicable to the investigation of the validity of the 

7- station sample. 

two m o r e  7-station groups w e r e  chosen for  comparison. These were  sta- 

t ions 1, 3, 4, 10, l l ,  20, and 21 (group B) and stations 9, 10, 19, 20, 29, 

30, 36 (group C). Using the results of the complete 5-year run, the total  

number of good baseline observations through interval 151 0 were  calcu- 

la ted for  these three  groups and for the complete 36-station network. 

The original 7-station group w a s  labeled group A ,  while 
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TABLE VI11 

7-STATION SAMPLE RESULTS 

Total Good 
Observations** 

7 Station Samples* 

Group A 
Group B 
Group C 

A l l  Stations* 

1078 
932 
7 89 

89 34 

Average Good 
Observations ** 

P e r  Baseline 

99 
85 
72  

88 

*Data obtained f rom 5-year  run 
**Through time interval 151 0 

Corresponding averages were  found by dividing by the number of baselines. 

Again, fair correspondence may be noted, although not a s  good a s  might be 

wished. 

F r o m  the above comparisons it may be concluded that although the sam- 

pling may have exaggerated the variations between orb i t s ,  the comparison of 

orbi ts  on the basis of the abbreviated problem is probably valid. However, 

the possibility is not eliminated that a comparison on the bas i s  of complete 

runs might have led to a somewhat different ranking of the top few orbits.  

CONCLUSIONS 

Six promising orbi ts  were  investigated in t e r m s  of the relative number of 

viewing opportunities provided to a representative 7- station network, using 

a t ime sample of 1 month in 3. 

a s  a final orbit; this orbi t  has  the following charac te r i s t ics  a t  launch: 

The best  of these orb i t s  w a s  then selected 

Altitude - 4250 km (c i rcu lar )  

Inclination - 87 degrees  
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Right Ascension of the Ascending Node - 345 degrees  

Launch Date - 1 June 1966 (L,aunch t ime approximately 6:30  A M  Pacific 

Standard Time if launched f rom Pacific Missile Range) 

It was noted during this selection that a l l  orbi ts  appeared to give sat is-  

factory viewing opportunities, with only small  variations f r o m  orbi t  to orbit .  

A complete 5-year run using the selected orbi t  showed that it meets  a l l  

observation requirements,  and that the resul ts  of the shor t  run agree  rea-  

sonably well with those of the complete run. 

these character is t ics ,  in t e r m s  of the resulting maximum eccentricity a t -  

tained by the orbi t  during a 5-year period, revealed only slight changes for  

initial eccentricit ies of 0. 02, f o r  altitude variations of f 100 km, and for  

inclination variations of f 1 degree. 

An investigation of variations in 

An additional facet of the study was an investigation of the maximum ec-  

centricity attained during a 5-year period a s  a function of launch right ascen- 

sion and launch date. Choosing the launch right ascension a s  a function of 

launch date such that this maximum eccentricity is made as smal l  a s  pos- 

sible,  the resulting value of maximum eccentricity va r i e s  with launch date,  

and i s  smallest  f o r  June and December launches. 
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APPENDIX I 

GROUND STATION, SATELLITE, SUNLINE ANGLE TEST 

The angle that the line of sight of the camera  makes with the sunline vector 

can be cr i t ical  to the success  of the obse.rvation. 

exceeds 135 degrees ,  the image of the sun on the satellite becomes so  dis- 

torted that it reduces the accuracy of the data reduction techniques. 

quently, for  successful observations this angle must  be l e s s  than 135 degrees .  

In particular,  if  this angle 

Conse- 

The geometry of the situation is shown in figure 23. 

satell i te is shown to be in  the plane of the station vector ,  r . ,  and the sunline 

vector ,  F . 
line of sight vector,  S i s  simply: 

In this figure the 
- 
1 

The radius vector to the satellite is defined by F and the camera  
- S 

- 
S = F  -7 

i 

Then the station, satell i te,  sun angle, y, i s  defined by: 
- - r - S  ~ - 

S c o s y  = 
r S  
S 

Consider now a procedure for  determining the situation under which the 

angle y reaches a maximum. 

x axis l ies along the station vector, r 

plane of the paper (station-sunline vectors).  

station, satell i te,  and sunline vectors can be expressed as follows: 

Let a coordinate sys t em be defined such that the 
- and the y axis i s  perpendicular in the 

i’  
In this coordinate sys tem the 

- r =  
i 

Ri 

0 

0 

r cos 8 

r s in  0 

r 

r i 0 

- r =  
S 

O - 1  
The situation where the satellite is not in  the plane of the paper can be 

- 
considered by rotating the radius vector,  r ,  about the z axis through an  a rb i -  

t r a r y  angle 8 . This yields for  the radius vector and the camera  line of sight 

vector :  
Z 
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SAT E LLI T E '+ 
Y S I ISA-VA-18  

Figure 23 .  Ground Station, Satellite, Sunline Angle Geometry 

- r  s in  8 s in  8 

and the station, satell i te,  sunline angle i s :  

COS O s  (Ri - r COS 8 ) - r s in  8 s in  8 cos 8 r S r z 
cos y = 

t r  
1 r 

The rate  of change of this angle with respect  to the out-of-plane angle, o z ,  
is : 

r s in  8 s in  0 sin 8 
S r Z dY 

aa, - 2 ~ . r c o s  8 t r  (Ri2 1 r 

- sin y 

Thus, the point of maximum y with respect  to the angle 8 z is independent of 

the other variables and occurs  a t  the point where 8 is zero ,  o r  in the plane 

the station, sunline vectors. 
Z 

of 
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The geometry of figure 23 is simplified to show the conditions for  maximum 
- 

angle in  figure 24. 

i s  on the 18-degree shadow terminator making the angle 8 

grees .  The elevation angle, E, must a l so  be a minimum for  the station, 

satel l i te ,  sun (SSS) angle to be a maximum. 

triangle,  i f  the SSS angle is 135 degrees,  the elevation angle must  be 27  de- 

grees .  Fur thermore ,  if the S S S  angle increases ,  the elevation angle must  

decrease.  

Maximum angle will occur when the station vector ,  r 
i’ 

equal to 108 de- 
S 

F r o m  the geometry of the dashed 

5 I 7 5a - va -19 

~~~~~ ~ ~ ~~~ ~~ ~~~~~~~ 

Figure 24. Geometry a t  Maximum Angle Point 

F r o m  this discussion i t  can be concluded that the station, satell i te,  sun 

angle can  be grea te r  than 135 degrees only for  an elevation angle l e s s  than 

27 degrees .  Since this affects only 2 degrees  of the marginal  observation, and 

since the choice of orbits is not predicated on the marginal observations,  this 

condition has  been ignored in the computer programs.  
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The posi 

APPENDIX I1 

CALCULATION O F  SUNLINE VECTOR 

ion of the sun relative to the ear th  must be known to calculate t he 

station darkness t imes.  

a Keplerian evaluation of the position of the ear th  in i ts  orbit about the sun at 

the specified time. 

A reasonably accurate  position can be obtained through 

The orbi ta l  elements of the ea r th  are::: 

= 0.9856091 deg/day (mean angular motion) 

= 0. 01672592 (eccentricity) 

= 102. 26498 degrees  (argument of perigee) 

= January 2.62733, 1960 (epoch) 

E 

E 

E 

To 

n 

e 
1 

W 

E 

Then a t  any t ime,  t ,  the position of the ea r th  in heliocentric coordinates can 

be determined by the following Keplerian transformations : 

M E = n  ( t - T  ) 
OE E 

E 
= M  t e  s i n E  

EE E E  

-1 J;-K [ cos EE - eE ] u = tan 
E 

r = a  ( l - e  c o s E )  
E E E E 

- ~~ cos:E ' uE)] 

r = r s in  (aE t uE) 
E 

where  M EE' and u a r e  the mean, eccentr ic ,  and t rue  anomaly of the 
E' E 

ea r th  respectively, and r and F are  the magnitude and vector components 

of the heliocentric position respectively. 
E E 

8 V. M. Blanco and S. W .  McCuskey, "Basic Physics of the Solar System, ' I  

Addison-Wesley Publishing Company, Inc. ,  p. 285, 1961. 
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- 
The position of the sun in geocentric coordinates, r can be obtained by re -  

S, 

versing the sign of the heliocentric position vector and correct ing for  the tilt 

of the ear th ' s  axis by rotating the vector around the x axis through the angle 

which the ecliptic plane makes with the plane of the equator. 

r S = - [ o  cos  2 3 "  27 '  8" - s in  23"  27'  8"] E:;] 1 0 0 

sin 2 3 "  27 '  8" - cos 2 3 "  27 '  8" 
Ez 

0 



APPENDIX 111 

CALCULATION OF STATION DARKNESS TIMES 

To calculate the station darkness t imes , the sunline and station vectors 

must  be related on a t ime basis (figure 25). F r o m  the American Ephemeris ,  

the hour angle of the Greenwich meridian is 100.43735 degrees  at January 1.0,  

1965 universal  t ime. 

day, the hour angle of the Greenwich meridian,  

on any  day can be expressed as :  

Using an ear th  rotation rate of 360. 98561 degrees  per 

at Greenwich midnight 
hG J 

= 100.43735 t 0. 98561 ATG 
hG 

where  A T  

January 1 .0 ,  1965 universal  time. 

is the integer number of days between the t ime of interest  and 
G 

I 
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Assuming that the position of the sun is fixed over a day in the geocentric 

coordinate system and  is defined by the vector,  f 

angle of the sunline meridian i s :  

(Appendix 11), the hour 
S '  

h S = tan-' [2] 
Then the longitude of the sun as a function of time throughout the day is: 

- 6.3003874 th 
s -hG 

is the Greenwich mean so lar  t ime in days .  

0 = h  
S 

where t The latitude of the sun h 
is assumed to 

-1 ds = tan 

remain constant over a day and i s :  

1 r 
S Z  

Both the sunline vector and the station vectors can be expressed as ,Jnctions 

of their respective latitudes and longitudes in  the same  manner as shown in 

Appendix IV. Then the cosine of the angle between the two vectors ,  C , is 

simply the dot product of the two vectors o r :  
S 

cos C = cos 4 .  cos 4 cos ( e  - e . )  t sin 4 .  sin 4 
S 1 S S 1 1 S 

B y  definition, when the angle C reaches 108 degrees ,  the station passes  into 

the total darkness needed for  a successful observation. 

so la r  longitude which satisfies this condition yields: 

S 

Solving for the c r i t i ca l  

cos 108" - s in  4. sin 4 
1 .] t e .  I 8 S = c o s - l [  cos 4. 1 cos 4 S 

If the condition: 

cos  108" - s i n  4.  sin 4 
1 S > 1  

cos 4 .  cos 4 
1 S 

is met,  no solution exists for the c r i t i ca l  so la r  longitudes and the station is 

either completely in  darkness o r  completely in  sunlight for the ent i re  day. 

The sunlight-darkness condition can be determined by evaluating the angle 
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C 

equal to the longitude of the station for  simplicity yields the condition. 

a t  any t ime of day. Choosing the t i m e  when the longitude of the sun is 
S 

If: 

s i n  4. s in  4 < cos 108" 
1 s -  

then the station is always in darkness;  otherwise the station is  always in sun- 

light. 

If the f i r s t  condition is not met,  the station will  be in both darkness  and 

sunlight during some portion of the day. 

can be determined by calculating the t imes  a t  which the cr i t ical  so la r  longi- 

tudes occur.  

Then the region of station darkness  

These t imes  are determined by: 

cos 108" - sin 4.  1 s in  ") .] t (0 .  t hG - h ) cos 4. cos 4 t d l  - - 6.3003874 [cos-' ( 1 S 

-.I c 

1 - 

t = -  1 [cos-l(os 108" - s in  4.  1 s in  4 ' ) + ( Q . t h  - h ]  
cos 4. cos i G s  

1 S 
d2 6.3003874 

and the status of the station between these t ime l imits  can be determined by 

checking the angle C s  at the midpoint. Thus i f :  

t s in  4. s in  4 < COS 108" f h G  s 1 s -  

d l  d2' 

t t t  
d l  d2 

2 (6. 3003874) cos  4. cos 4 cos 
1 S 

then the station is in total  darkness between t imes  t and t * otherwise 

the station is sunlit between these times. 
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APPENDIX IV 

ENTRANCE AND EXIT O F  SATELLITE FROM CONE OF OBSERVATION 

The first step in solving f o r  the entrance and exit t imes  of the satell i te into 

the cone of observation i s  to  solve f o r  the point of maximum elevation angle of 

the satell i te with respect  to the ground station. Then, if this angle is grea te r  

than the minimum limit ,  the two points of entrance and exit f r o m  the cone a r e  

found. 

solution is avoided when the maximum elevation angle i s  l ess  than the required 

minimum. 

In this manner the problem of trying to converge on a nonexistent 

To solve for the maximum elevation angle, the orbi ta l  elements,  many 

related orbital  quantities, and their derivatives a r e  needed. 

t the orbital  elements of the satellite can be defined in the t e r r e s t r i a l  coor-  

dinate sys tem (Appendix XII) as follows: 

t ( t  - TL) da/dt 

t (t - TL) de/dt 

At any t ime 

L 

L 

a = a  

e = e  

- 
'T - 'TL 

t ( t  - TL) (dn/dt - 6.300696) 

i = i t ( t  - TL) di/dt 
L 

L 
t ( t  - TL)  dw/dt w =  

a n d Q  a r e  the orbital  elements where the orbital  elements aL, eL, iL, wL, 

obtained f r o m  the "Lifetime 18" program at the reference t ime T 

ra tes  of change, da/dt, de/dt, 

between two successive recordings of the orbital  elements ( 1  -day intervals) .  

The t e r r e s t r i a l  right ascension, 

L 
Their  L e  

etc, a r e  defined a s  the average ra te  of change 

, is defined as:  
'T L 

nL nTL = hG t 6.3003874 (TL - ATG) - 

IV-1  



where h and AT a r e  a s  defined in Appendix 111. The mean angular motion, 

n, of the satell i te i s  defined as:  
G G 

m 
= 3 - 2  

where K@ is the universal  gravitational constant and M is the m a s s  of the 

earth.  

K f i  = 631.3503 l ~ m ~ / ~ / s e c .  

The eccentric anomaly to the point of nodal crossing, E can be defined 
w J  

through Keplerian mechanics to be: 

E = tan 
w e t cos w 

and the sine and cosine of this angle a r e  defined as:  
I 3 

L, 

-s in  wJ1 - e 
w 1 t e  c o s w  

s in  E = 

e t  cos w cos E = 
W 1 + e  cos w 

Then the t ime of perigee passage, T is: 
0, E - e s in  E w 0 T = T  - 

0 n n 

where T is  defined a s  the t ime of nodal crossing and is  assumed to  be fixed 

over an orbit; i .  e . ,  it does not vary as a function of the orbi ta l  perturbations 

within an orbit  (derivative with respect  to t ime i s  assumed to be zero) .  

nodal crossing time is updated f rom orbi t  to orbi t  in the manner described in 

the main body of the text. 

to t ime a r e  obtained by differentiating the respective quantities with respect  

to t ime and are :  

n 

The 

The r a t e s  of change of these quantities with respec t  

dn 3 rt/M da 
dt 
- -  - - z T 7 T d t  

a 

- -  de w J 1  - e‘- 
dt  

1 t e cos w (1 - e 2 1 } e  - ( 1  t e cos w) 
dt “1 t 

- 
(1 t e cos w) 

n s in  E de/dt t (E  - e s in  E ) dn/dt - n (1  - e cos E ) dE /dt 
0 w w w 0 W 

dT 

dt 
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The rate  of change of the mean anomaly, dM/dt, is defined in  a s imi la r  

manne r : 
d T  

- dM = ( t  - To) dt dn t n ( 1 -  2) 
dt 

and the mean anomaly, M, at any t ime is  then defined as: 
dM 

M =  M t ( t - T ) -  
0 n dt  

where: 

M = E  - e s i n E  
0 w w 

In this way an integrated effect is achieved on the mean anomaly ra ther  than 

defining i t  in the standard manner a s  functions of the instantaneous mean 

angular motion and t ime of perigee passage. 

The eccentr ic  anomaly, 

E = M t e s i n E  

E,  of the satell i te is defined by the equation: 

This i s ,  of course,  Kepler ' s  equation and must  be solved i teratively to  de te r  

mine the eccentr ic  anomaly. 

The radius,  r ,  to the satellite and the t rue  anomaly, u, a r e  defined a s  

follows: 

r = a ( 1  - e cos E) 
I -I 

J1 - ec ;  sin E 
1 - e cos  E 

sin u = 

cos E - e 
1 - e cos E 

cos u = 

Again the ra tes  of change of these quantities a r e  obtained by differentiating 

the above expressions which results in: 

dE  
dt 1 - e cos E 

dM/dt + s in  E de/dt - =  

d r  da de dE - = ( 1  - e cos E) dt - a cos E - t ae  s in  E - 
dt dt dt  

2 
dE sin E ( 1 - e - e )  de 

2 d t  - e cos E)  1 - e cos E dt 'J-EF (1 
- du 

dt 
_ . -  
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The latitude, 9, and longitude, 8, of the satell i te as  defined in Appendix 

XI1 are:  

s in  (u  t w )  sin i 
-li 2 2 11/21  

- l [  T 

4 = tan 
cos (u t w) t s in  (u  t w )  cos i 

cos (u  t w )  s in  R t sin (u  t w )  cos i cos R 
T 

cos ( u  t w )  cos - s in  ( u  t w )  cos i sin R .I T 
0 = tan 

The rates  of change of these angles can also be obtained by differentiation and 

are :  
du 

d4 - dt 
dt 

cos (u t w )  sin i(- t dw/dt) t sin (u  t o) cos i di/dt 

2 1/2 
- -  

{ 1 - sin (u + a) sin2 i} 

mt cos i (du/dt t dw/dt) - sin ( u  t w )  cos (u  t w )  sin i di/dt 
dt dt 2 2 
d0 t - = -  

1 - sin ( u t  a) sin i 

The radius vector, r f rom the center of the ear th  to the ith ground i' 
station can be expressed as:  

r 
i 

where R. is the distance f rom the center of the ear th  to  the ground station, 

di is the latitude, and 0 .  is the longitude of the ground station. The radius 

vector,  r ,  to the satell i te can be expressed s imi la r ly  as: 

1 

1 - 

- r = r E;:; cos 4 cos s in  8 "3 
Then the cosine of the angle, c, between the two vectors  is the dot product 

o r :  

cos c = cos 4i c o s  cos (8 - 8,) t s in  4. s in  4 
1 

and the rate  of change of this angle is: 

dc d4 s in  c - = (cos $i s in  4 cos ( 0  - Qi) - sin 4. cos 4) - dt 1 dt 
de t cos 4. COS 4 s in  ( 0  - ei) dt 

1 
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SATELLITE 

5175A-VA- 12 

Figure 26. Geometry of Elevation Angle 
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Then the elevation angle, E ,  can be determined a s  shown by the geometry of 

figure 26. 

the figure yields the elevation angle: 

Ri - ‘Os 

2 1 /2 

A double application of the law of cosines to the tr iangle shown in 

= - sin E cos (n /2  t E) = 
(Ri t r - 2R. r cos c) 

1 

By differentiating the expression for the elevation angle and equating the 

resul t  to  zero,  an equation is obtained which yields the t ime at which the 

elevation angle i s  a maximum. Thus, the equation: 

2 d r  2 dc 
1 1 dt R. r ( 1  - cos c) dt + r sin c (R.  cos c - r )  - = 0 

must  be solved iteratively for  t ime. 

greater  than the minimum limit ,  then the two t imes which satisfy the following 

equation will define the entrance and exit t imes  of the satell i te f r o m  the cone 

of observation. 

If the elevation angle at this t ime i s  

R. - r cos c 
I - - - sin E 2 2  1/2 m 

(Ri  t r - R. r cos c) 
1 

where E is the minimum allowable elevation angle. m 
A modification of Newton’s method is used to solve for the maximum 

elevation t ime. 

higher o rde r  iteration technique. 

two points and a slope in order  to find the next t r i a l  point in the i teration 

process reduced the number of i terations required by approximately a factor 

of two, thus effecting a significant savings in machine t ime. 

The entrance and exit t imes  a r e  solved through the use of a 

It was found that by fitting a quadratic to 

A method for obtaining an initial approximation to the maximum elevation 

t ime is described in  Appendix VI. 

the i teration process. 

a r e  chosen as  an a rb i t r a ry  point on either side of the maximum elevation 

time. 

This approximation is used as a s t a r t e r  fo r  

The s t a r t e r s  for  the entrance and exit time iterations 
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APPENDIX V 

COURSE ELEVATION TEST 

To eliminate the necessity of performing detailed computations on all 

stations, a t e s t  has  been developed to detect  those stations which cannot 

possibly see  the satell i te at an elevation angle g rea t e r  than the minimum 

required. 

is a vector normal  to the plane of the orbi t  and 7 is the station vector. 

quantity h 

orbit  and is: 

- 
The t e s t  is developed from the geometry of figure 27, where N 

The 
1 

is  defined as the maximum altitude the satell i te can reach in an  a 

h = a  ( 1  t e) 
a 

PLANE OF ORBIT 5 I 75 A - VA - I5 

~~~~~ ~ 

Figure 27. Geometry of Course Elevation Tes t  

It can be seen that the maximum possible elevation angle f rom the station 

to the satell i te would occur i f  the satell i te were at its maximum altitude and 

v-1 



were in the plane of the station vector and normal  vector. 

tween the normal  vector and the station vector i s  defined to be 8 

elevation angle, E, under these conditions can be expressed a s :  

If the angle be- 

then the 
E’ 

case 
E tan a = 

h R - sine a/  i E 

e = O E - a  

where R.  is the magnitude of the station vector r.. 
1 1 

This maximum possible elevation angle has  been evaluated for  severa l  

different altitude ratios (h /Ri) as a function of the angle between the station 

vector and the normal vector (6 ). 
As expected, the higher altitude rat ios  produce the higher maximum elevation 

angle s. 

a 
These resu l t s  a r e  shown in figure 28. 

E 

Figure 29 shows the same data replotted to give the minimum allowable 

station-normal vector angle ( 8  ) needed for a possible observation under a 

30-degree minimum elevation angle and a 25-degree minimum elevation 

angle (marginal  observations). 

E 

In the program, the. station-normal vector angle is evaluated a t  the est i -  

mated maximum elevation point (Appendix VI). 

in this estimation, a margin of safety must  be added to the minimum allowable 

station-normal vector angle to ensure that at the actual maximum elevation 

t ime this angle will not have changed by enough to place it in the region of 

possible observation. 

product of the two vectors as: 

Since there  i s  some e r r o r  

The station-normal vector angle is defined by the dot 

s i n  i (r  s i n n  - r COS t r cos i) ix  T iy  T i z  

i R cos  e = - 

Then the ra te  of change of this angle can be expressed as (neglecting all 

derivatives except the rotation of the ear th ,  dnT/dt): 
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. 

It can be seen from this expression that the maximum ra t e  of change of the 

station-normal vector angle i s  approximately equal to the rotation ra te  of the 

earth. 

t imes have always been accurate  to at leas t  *1/8 of an orbit. 

of interest ,  this represents a t ime uncertainty of approximately 24 minutes. 

During this t ime the ear th  will rotate approximately 6 degrees.  

reason a safety factor of 6 degrees  has  been added to the minimum allowable 

station-normal vector angle. 

angle requirement, the minimum allowable station-normal vector angle 

var ies  between 53 and 43 degrees a s  the altitude rat io  var ies  between 1.6 

and 2.2.  

ra t io  which gives f o r  the minimum allowable station-normal vector angle: 

In addition, i t  has  been found that the estimated maximum elevation 

At the altitudes 

F o r  this 

Thus, for the 25-degree minimum elevation 

A quadratic has  been fit to this curve as a function of the altitude 

= 9 (h /R.)2 - 51.4 (h /R.)  + 112.4 
E min a i  a i  e 



The stat,on-normal vector angle can be evaluated a t  the estimated maxi- 

mum elevation t ime from the dot product of the station vector and the normal  

vector and i s :  

cos e = 1.0. 4. sin i s in  ( 0  - aT) - sin 4. cos il 
E 1 i 1 

Then if: 

cos e ,  2 COS e, 
min 

the elevation angle cannot possibly be above 25 degrees  and the more  detailed 

computation need not be made for that station. 

t es t  i s  most  effective for  near  equatorial stations and in fact will  always 

fail for stations above the latitude: 

It should be noted that this 

t (90 - i) 
min e e  
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APPENDIX VI 

ESTIMATION OF MAXIMUM ELEVATION TIME 

A fair ly  good approximation to the maximum elevation t ime (figure 30)  

can be obtained by projecting the station vector into the plane of the orbit  

and calculating the t ime a t  which the satell i te passes  that point. 

of obtaining the first approximation fo r  an orbit, the orbital  e lements  a r e  

used as calculated at the half-orbit t ime in the manner  descr ibed in Appendix 

F o r  purposes 

V. 

P 

SI  7SA-VA-13 

Figure  30. Geometry of Maximum Elevation Time Estimation 

- 
The station vector, r and a vector, N, normal  to the plane of the orbit  

i’ 
can be expressed  as: 
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- 
r =  
i 

- 
cos 6. cos e 

1 i 
COS t$i s i n  8. 

sin 4. 
1 

1 

- sin i sin R 

[ - c o s i  '1 - 
N = s i n i  cosi2 

Then the projection of the station vector in the plane of the orbit  is: 

A unit vector in  the direction of the perigee point of the orbit  can be 

expressed as:  

1 [cos nT cos o - sin R cos i sin w T 

I 
- 
r = I sin C? cos w t cos C? cos i sin w T T P 

k i n  i s in  w J 
The t rue anomaly of the satellite, u. , when it passes  the projected station 

1 

vector can be determined with four-quadrant resolution by the following 

manipulation of the vectors.  
c Y - -  
-(r x r  1 .  i 

u. = tan -1  
. F~ J 1 

The correspondin eccentric and mean anomalies a r e :  
. r h . s i n  u . 1  

i e t cos u.'] 1 

E = tan-1 L 
= E  - e s i n E  

Mi i i 

Then the estimated maximum elevation t ime is: 

0 
t T  Mi - -  - 

t es t  n 

where T 

forced into the orbit under consideration by adjusting the mean anomaly, 

Mi, by an integral multiple of 21r. 

is  subsequently used as the start ing value fo r  the i teration procedure described 

in Appendix IV. 

is the time of perigee passage. In practice,  the est imated t ime is 
0 

The estimated maximum elevation t ime 
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APPENDIX VI1 

VERTICAL PLANE ANGLE DETERMINATION 

To obtain the desired accuracy in the determination of baseline dis tances ,  

at least  two of the observations for that baseline must be separated by a 

60-degree angle with respect  to a ver t ical  plane through the baseline. 

geometry of this angle is shown in f igure 31. The angle, p ,  is defined a s  the 

angle between a ver t ical  plane through the baseline and a plane containing the 

baseline and the satell i te.  This angle can be determined by calculating two 

vec tors ,  7 a n d 7  perpendicular to the two planes. If the radius vector 

to the satell i te,  r,  and vectors to the two stations defining the baseline,  

r. and ’F 

The 

1 2’ 

- 
a r e  known, the angle p can be determined a s  follows: 

- - 1 j ’  
r. - - r - r .  (vector between two stations) 

r. - r - r. (vector from station i to satellite) 

- 
1 j  j 1 

- - - - 
1s 1 

- -  - - r. x r (vector perpendicular to baseline,  satell i te plane) 

- - r x r. (vector perpendicular to  ver t ica l  plane through baseline) 
v1 1 j  i s  

- -  - 
v 2  i j  1 

To determine which side of the ver t ical  plane the satell i te l ies on, a third - 
vector ,  V in the plane o f 7  a n d 7  and perpendicular t o 7  can be d e t e r -  3 ’  1 2 2 
mined by: 

Then if :  
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I 

Figure 31. Vertical  Plane Angle Geometry 

The satellite lies to.the right of the ver t ical  plane when looking f rom 

station i to  station j and the angle p i s  defined as negative. 

satell i te l ies to  the left of the ver t ical  plane when looking f rom station i to 

station j and the angle (3 is defined as positive. 

Otherwise, the 
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APPENDIX VI11 

RESULTS FROM ABBREVIATED RUNS, ORBITS 2 THROUGH 6 

The following tables show the results obtained f rom the abbreviated runs 

(seven stations,  1 month in 3 t ime sample) for  orbi ts  numbered 2 through 6 .  

The meanings of the various entries are  explained in the section entitled 

"Discussion and Results" (Final  Orbit Selection). 
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APPENDIX IX 

GRAPHICAL ANALYSIS 

Introduction 

To obtain preliminary information concerning the viewing conditions to be 

expected a t  polar stations, a graphical analysis was made, 

conditions were more  cr i t ical  a t  the south pole, effort was res t r ic ted  to  the 

three  stations neares t  that  pole. 

perturbation considered was the regression of the orbi t  ascending node. 

A s  i t  appeared that 

Circular orbi ts  were  assumed and the only 

Results and conclusions of the analyses a r e  presented in the next section, 

while la te r  sections contain descriptions of the graphical methods used in ob- 

taining these resul ts .  

Results and Conclusions 

Darkness.  - Figure 32 i l lus t ra tes  the periods of darkness  for the various south 

pole station pa i rs ,  a s  a function of season of the year .  

is taken to  exist  a t  a station whenever the sun is m o r e  than 18 degrees  below 

the horizon. ) S 

nox, positive eastward. 

in  darkness  , thus prohibiting a simultaneous three-station observation f r o m  

stations of the south pole tr iangle.  

Viewing Opportunities Versus  Orbit Plane Orientation. - Figures  33 and 34 

i l lustrate  the average number of viewing opportunities per 30-day period fo r  a 

specific date (June Z l ) ,  a s  a function of the longitude of the ascending node of 

the orbit. 

plotted for an orbit  inclination of 80 degrees  and figure 34 plotted for  an 83- 

degree  inclination. 

indicated on the graphs.  

factory since observations a r e  not possible for  X > 30 degrees ,  precluding the 

(A condition of darkness  

is the angle from the Greenwich meridian to the vernal  equi- 
0 

Note that at no time a r e  three  stations simultaneously 

The stations considered were the pair 29 and 35, with figure 33 

Orbit  altitudes of 4000 and 5000 k m  were considered, a s  

Note that the 4000-kmJ 80-degree orbi t  is unsatis-  
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Figure 32. Darkness Per iods,  South Pole Stations 
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0 

STATION PAIR 29  AN0 35 
JUNE 21 

ORBIT INCLINATION BO OEGREES 

I A '  - 3 O 0 ,  h ~ 5 0 0 0  KM 

1 X>+30° ,h=5000KM 
m A<-30°.h = 4 0 0 0 K M  
I3L X>+3Oo,h= 4 0 0 0 K M  

IN THIS CASE) 
P X<-25° ,h=5000 KM 

XI X>+35° ,h=5000KM 

I NO OBSERVATION POSSIBILITIES 

X=ANGLE OF OBSERVATION PLANE 
FROM VERTICAL (POSITIVE 
TOWARD SOUTH POLE 

1000 200' 3000 4 00' 

51754- VB-21 
no-LONGITUDE OF ASCENDING NODE OF ORBIT 

Figure  33. Fixed Date Observation Opportunities 

50 

0 

STATION PAIR 29 AND 35 
JUNE 21 
ORBIT INCLINATION 83 DEGREES I < - 26' ,h = 4 0 0 0  KM 

E X > 3 4 ' , h = 4 0 0 0 K M  

h =  ANGLE OF OBSERVATION PLANE 
FROM VERTICAL I POSITIVE TOWARD n SOUTH POLE 1 

I00 200 3 0 0  4 0 0  

n o  -LONGITUDE OF ASCENDING NODE OF ORBIT (DEGREES) 
5175A-VB-22 

~~~ ~ ~~ 

Figure  34. Fixed Date Observation Opportunities 
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possibility of obtaining observation planes intersecting a t  60-degree or  greater  

angles. Also note that various positions of the orbit  plane a r e  required to ob- 

tain observations a t  various observation plane angles. 

Viewing Opportunities Versus Date. - The average number of viewing opportu- 

nities per 30-day period was determined as a function of date for various s ta-  

tion pairs ,  as illustrated in  figures 35 through 43. Various initial orbit  plane 

orientations were chosen, c i rcular  orbi ts  were assumed, and orbi t  per turba-  

tions other than the regression of nodes were ignored. 

and 90 degrees  were chosen for  study, since the 80-degree orbi ts  appear of 

marginal value, and because orbi ts  in the range of about 84 to  86 degrees  incli- 

nation appear f r o m  previous studies to have poor lifetimes. 

of note a re :  

Orbit inclinations of 83 

Significant i t ems  

a.  F o r  the 83-degree orbit, opportunities for high and low latitude ob- 

servations occur a t  different t imes,  extending the required station occupation 

t imes  over what they otherwise might be. 

b. With an initial longitude of the ascending node of 108 degrees  west, 

observations at the station pair  (29, 35) a r e  satisfactory but observations a t  

the station pair  (35, 36) a r e  not. 

longitude of 90 degrees east ,  observations a t  all station pa i r s  a r e  possible. 

(Figures  38, 39, and 40. ) This i l lustrates  the importance of the initial orbit  

plane orientation in obtaining satisfactory observations f rom the near  -polar 

station pair s. 

(Compare figures 36 and 37. ) F o r  an  initial 

c. A t  a 90-degree orbit  inclination, 4500-km altitude, viewing opportu- 

nit ies appear better for the station pa i rs  near  the south pole than for  the 83- 

degree,  4000-km altitude. 

attempts were made to choose relatively favorable initial orbit  plane orienta- 

tions, those chosen a r e  not necessar i ly  optimum, and thus the above statement 

might be altered as a resul t  of fur ther  study. 

It should be pointed out, however, that although 

d. Although consideration of inflation requirements  a t  launch was not 

included in this preliminary study, it may be noted that init ial  longitudes of 

the ascending node of the order  of 90 degrees  eas t  o r  west in combination with 
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STATIONS 29 AND 35 
83-DEGREE ORBT INCLINATION, 4000- KM ALTITUDE 
INITIAL CONDITIONS: LONGITUDE O f  ASCENDING W E  OF 
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Figure  35. Observation Opportunities for  Stations 29 and 35 
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STATIONS 29 AND 35 
83-DEGREE ORBIT INCLINATION, 4000-KM ALTITUDE 
IN IT IAL  CONDITIONS: LONGITUDE OF ASCENDING NODE 

A : ANGLE OF OBSERVATION PLANE FROM VERTICAL 
OF ORBIT 1 0 8 O  WEST OF VERNAL EOUINOX ON APRIL 21 
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Figure  36. Observation Opportunities for  Stations 29 and 35 
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Figure 38. Observation Opportunities for Stations 29 and 36 
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STATIONS 29, AND 36 
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Figure 43. Observation Opportunities for Stations 29 and 35 

a spring launch date will provide the sunlit satell i te conditions required for 

satell i te inflation. 

e. Although suitable orbi ts  have been found with respec t  to viewing 

opportunities a t  the south pole, suitability of these orbi ts  for observation a t  

the north pole stations i s  still not resolved. 

be encountered with the 90-degree orbit. 

tween darkness  a t  the south pole and darkness  at  the north pole, orbi t  per tur -  

bations other than regress ion  of the nodes must be considered to  obtain valid 

r e su l t s  with respec t  to the suitability of an  orbit  for  observations a t  both 

poles. 

i ca l  analysis does not appear w a r r a n t e d .  

Conclusion. - F r o m  the resu l t  obtained above, the following conclusions a r e  

apparent: 

It appears  that no difficulty would 

Because of the 6-month delay be- 

A s  a resu l t  of the increased complexity of this problem, fur ther  graph- 

a. Observations cannot be made f rom all  th ree  polar stations simulta- 

neously, due to darkness limitations. 
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I b. A 4000-km, 80-degree orbit  appears  of marginal value, giving no 

opportunity of obtaining large (i. e . ,  60-degree) angles of intersection between 

the observation planes of various observations. 

c. With a 4000-km, 83-degree o r  4500-km, 90-degree orbit, observa- 

tions can be made f rom any pair of stations simultaneously, with the condi- 

tions of sunlit satellite, suitable satellite altitude, and station darkness  being 

satisfactorily fulfilled. 

d. Initial orbit-plane orientation (i. e . ,  launch date and t ime)  will be 

important in obtaining satisfactory observations a t  a l l  polar station pairs .  

Method of Analysis 

Initially, the polar station positions were plotted on a globe and a r e a s  were 

determined corresponding to satellite mutual visibility at two o r  three stations. 

F r o m  examination of the relative size and location of these a r e a s  it appeared 

that the south pole stations were more  cri t ically located, and so fur ther  effort 

was confined to  these stations. 

The station positions were then plotted on polar graph paper (figure 44). 

Areas  of visibility were  plotted for  c i rcu lar  orbi ts  a t  altitudes of 4000 and 

5000 km, such that i f  the suborbital point of a satell i te falls within the a r e a  

of visibility of any particular station, the line of sight f rom that station to  the 

satellite will be within 60 degrees  of zenith. The intersection of the a r e a s  of 

visibility of two or three stations will thus display the a r e a  of common visi-  

bility corresponding to those stations. 

vation plane angle were  plotted fo r  the var ious baselines,  for c i rcu lar  orbi ts  

a t  altitudes of 4000 and 5000 km. (The observation plane angle with respec t  

to a particular baseline was defined a s  the angle between the plane containing 

the baseline and the satellite, and the plane containing the baseline and the 

ear th ' s  center ,  positive toward the south pole. ) 

In addition, curves  of constant obser -  

A second graph was prepared showing the contours of darkness  (sun 18 de- 

g rees  below the horizon) and showing the ea r th ' s  shadow on the orbital  sphere 

(figure 45). Both of these were determined as a function of the sun's position 
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Figure 45. Station Darkness,  Ea r th  Shadow 
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on the ecliptic. 

orbi ts  a t  80-, 8 3 - ,  and 90-degree inclination (figure 46). By overlaying these 

graphs and rotating them with respect  t o  each other,  a r c s  of the orbit  were 

determined which correspond to  conditions of mutual visibility, station dark-  

ness ,  and sunlit satell i te for  various baselines and for various positions of the 

satell i te orbi t  with respect  t o  the sunline. 

a r e a  of visibility is rotated, corresponding to  the 24-hour daily rotation of the 

ear th .  

suming an asynchronous relation between the orbi t  period and the ear th ' s  

period of rotation, was then determined by multiplying 30 by the rat io  of the 

a r c  of ear th ' s  rotation during which satisfactory visibility conditions a r e  

maintained to the a r c  of ea r th ' s  rotation corresponding to one orbit  period. 

The a r c  of orbi t  corresponding to otherwise satisfactory visibility conditions 

was required to be a t  l eas t  of 2 minutes duration to be accepted. 

A third graph was prepared showing the suborbital t r a c e  of 

This a r c  var ies  a s  the graph of 

The average number of viewing opportunities in a 30-day period, as- 

F igure  47 i l lustrates  the procedure descr ibed above on an assumed date of 

The regress ion  of nodes of the orbi t  was factored into the solution by May 6. 

appropriately rotating the orbit  graph with respec t  to  the sunline; however, for  

simplicity, the orbi ts  were considered to  be c i rcu lar ,  and other perturbations 

were ignored. With the ascending node 108 degrees  west of the verna l  equinox 

on April  21, it will be 111.5 degrees west by May 6. 

degrees  e a s t  of the verna l  equinox on that date. 

the relat ive orientation of the graph containing the ear th ' s  shadow and darkness  

contours and the graph containing the orbit  t race .  

the ear th  may be specified by the position of the Greenwich meridian.  

that  i n  the position shown (approximately 0140 Greenwich t ime) ,  the orbit  

t r a c e  cuts the viewing a r e a  common to stations 29  and 35. The scale  of de- 

g r e e s  along the orbit  t r ace  represents  the satell i te angle measured  f rom the 

ascending node, while X is the angle of the observation plane f r o m  vert ical  

(positive toward the south pole). In this  instance the satell i te is visible and 

sunlit, with the angle of the observation plane f r o m  vert ical  m o r e  than 26 de-  

g r e e s  to  the north, for  a period of about 5 degrees ,  which exceeds a duration 

The sunline will be 45 

These directions determine 

The rotational position of 

Note 
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of 2 minutes. 

a r c  of the orbit  f o r  which X > -26  degrees is about 18 degrees.  

showing the visibility a r e a s  were rotated with respect  to the other graphs,  it 

would be found that the a r c  of orbit  satisfying the various visibility conditions 

is greater  than 2 minutes (X < -26 degrees)  whenever the Greenwich meridian 

is  between 116 and 99 degrees west of the vernal  equinox, for a total a r c  of 

ear th  rotation of 17 degrees.  

to one orbit period i s  about 45 degrees ,  the average number of viewing op- 

portunities per 30-day period with X < -26 degrees  is about (-) 30 = 11. 3. 

Stations 29 and 35 a r e  also simultaneously in darkness .  The 

If the graph 

Since the a r c  of ear th’s  rotation corresponding 

17 
45 

Derivation of Formulas  

Viewing Area. - The boundary of the viewing a r e a  corresponding to  any given 

station i s  the intersection of a cone (having i t s  vertex a t  the station and i ts  

axis along the station ver t ical)  with the orbit  sphere.  Circular orbits have 

been assumed in this case.  

station ver t ical  is /3 = 60 degrees.  

coordinate system with X along the vernal  equinox and Z toward the south pole. 

The angle which any r ay  in the cone makes with 

Referring to  figure 48, par t  a, XYZ is a 

z a r e  aligned with z and z coincident with Z ,  and 

x in the plane of the s t a -  
p’ ly’ lz ,  and 2x’ 2y, 2 1 2 
with 

tion meridian. F r o m  spherical  trigonometry, 

x in the plane of the Greenwich meridian and 1 2 

cos a = cos b cos c t s in  b sin c cos  A; b = 90 t 4 (4 < 0)  

sin C sin A sin c sin C = sin A - 
s i n  c s in  a ’ sin a 
-= -- 

Referring to figure 48, par t  b ,  - - 
R t h  

s in  (180 - 6 ) ’  
e -‘ [ R:et h s in  (180 - 8)l . a = sin 

R 

sin a 
e -  - -  

c = B - a  

The longitude and latitude of the projection upon the ear th’s  surface of points 

on the intersection of the viewing cone with the orbit  sphere a r e  then given by 

4 = -90 t a 

x =x*c 
v 

v 
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Figure 48. Derivation of Formulas  
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z a r e  axes  aligned 3x’ 3y9 3 Satellite Orbit. - Referring to figure 48, par t  c, 

with z along Z and with 3 3 
longitude of the ascending node, measured eas t  f rom the vernal equinox. 

x along the ascending node of the orbit .  n i s  the 

The 

z axes i s :  3x’ 3y9 3 equation for the orbital plane in 

( - s in  i) ( y)  t cos i ( z )  = 0 3 3 

z axes is given by: 3x’ 3y, 3 F o r  given 8, the satellite position in the 

= cos 8 (Re t h )  

= -s in  8 cos i (Re t h) 

= -s in  8 sin i (Re t h)  

3x 1 

3’ 1 

3’1 

L and v a r e  then given by 

s in  L = s in  8 sin i 

tan v = t an  8 cos i 

T races  of satellite orbits were plotted in figure 46 with 8 a s  a parameter  for 

inclinations of 80, 83, and 90 degrees .  F o r  orbit  altitudes of 4000 and 5000 

km, an a r c  of 2 minutes duration corresponds to  an a r c  length of 4 and 3. 5 

degrees  respectively. ’ 

Angle of Observation Plane. - The angle of the observation plane associated 

with a satellite position and a pair of stations may be defined a s  the angle be- 

tween: 

through the earth’s center and the stations. 

south pole, this angle was taken a s  being positive toward the south pole. The 

locus of satellite positions at a given observation plane angle was obtained by 

projecting upon the ear th’s  surface the intersection with the orbit  sphere of 

r ays  lying in the observation plane. 

a plane through the satellite position and the stations, and the plane 

F o r  the station pa i rs  near  the 

Referring to figure 48, par t  d,  suppose the two stations of the station pair 

1 2’ 0 
z )  a r e  axes obtained by rotating in a positive (right-handed) sense with 

a r e  P and P with P the midpoint of the straight line joining them. (4x, 

4y, 4 

4z) respect  to ( x, z )  axes through 8 about z, SO that P is in the (4x, 

plane. 
1 i Y 9  1 3 1 0 

Thus, if the longitude and latitude of coordinates of P1 and P a r e  
2 



(Al, 41) and (A2, 4 ), the coordinates of P and P in ( x, lY,  p) a re :  2 1 2 1 

1 R cos 41 cos X 

-R cos 4 sin X 
e 

1 e 1 

1 -R sin 4 
e 

The coordinates of P a r e :  
0 

; i' 1z2 

2 R cos 4 cos X 

-R cos 4 sin X 

-R sin 4 

e 2 

2 e 2 

2 e 

and the angle 8 is  given by: 3 

lY0 

lX0 
t a n 8  = -  

z) axes to ( x, z) axes i s :  4 4y, 4 The transformation f rom ( x, 1 l y t  1 
1 

3 X s in  8 

1 
z) be axes obtained by rotating ( x, z) through an angle 8 4 4 5  4 Let ( x, 

about the y axis,  in a positive (right-handed) sense,  until P l ies  on the 

axis .  Then 

5 gY, 5 

5= 4 0 

4x0 tan 8 = -  
4'0 

where E;;] = T 3  
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The transformation f rom ( 4 x, 4y, 4 z) to  (5x, 5y, 5z )  i s :  
r 

X X 

L 1 ; T 1 =  

1 
0 -s in  8 

1 cos e 
0 1 0 

0 cos e l  1 sin 8 
- 

z )  about z in a 

positive (right-handed) sense through the angle 6’ 2’ until P 2 l i es  on the 6x 
axis.  Then: 

Finally, let  ( 6 x, 6” 6 z )  be obtained by rotating ( 5 x, 5y, 5 5 

5’ 2 tan 0 = -  
5x2 

where E;;] = T l  T3 I;] 
and the transformation f rom ( x, 5y, 5z) t o  (6x, 6y, 6z )  i s :  5 [;I;;;= - 1 

cos e2 sin O 2  0 

0 2 cos e 2 -s in  8 

- 0 0 1-l 

Referring to  figure 49, part  a,  i f  an observation plane is passed through P 1’ 

intercept the orbit sphere in a c i rc le  whose center is taken a s  the point P 3’ 

6’0)’ 3 

P P at an angle a f rom the z axis (a positive toward the 6 y axis) ,  it will 0’ 2 V 6 V 

and whose radius is r If the coordinates of P in ( x ,  6y, z )  a r e  ( 0 ,  0, 
3’ 0 6  

then the coordinates of P may be found geometrically to be: 

0 

sin a cos a -6’0 V 

2 
6zo  s in  a 

V 
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Figure  49. Derivation of Formulas  
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The coordinates of the endpoint of a r e  then: 3 

These coordinates can then be transformed to ( 1 x, ly,  l z )  axes:  

-1 -1 -1 
= Tg T1 T2 

The longitude and latitude of the projection of these points on the ear th ' s  s u r -  

face can then be obtained from: 

1yv 

l X V  

tan ( - X )  = - 

cos ( - A )  l Z V  

l X V  

tan ( -4 )  = - 

Earth Shadow on Orbit Sphere. - Referring to figure 49, part  b y  (7x, 7y, 7 ~ )  

a r e  axes aligned with 

angle 4 f rom the x axis (positive to north). ( 8 ~ ,  8y, 

by rotating ( x, z) through C#I 

z south and with the sun in the ( 7 x, 7z)  plane a t  an 
7 

z) a r e  axes  obtained 
5 7 

about 7y, so that the corresponding t r ans -  
7 7yy 7 S 

~ 

formation i s :  

The coordinates of points of intersection of the ear th ' s  shadow on the orbit  

sphere,  in ( x, z) axes,  a r e :  
8 8'' 8 
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e R 

R t h  

where 
-1  O 5  = sin 

e 

and 8 is a variable parameter .  Transforming to ( x, 7y, 7z )  axes: 4 7 

Finally, angles 4 and 4 (from which the projection of the ear th ' s  shadow 

on the ear th ' s  surface can be plotted in polar coordinates) can be found from: 
3 4 

7 = s  
cos  4 = 4 R t h  

e 
7's 

7xs 
tan 4 - 3 -  

Region of Earth 's  Surface in 18-Degree Darkness. - The boundary of the region 

ea r th ' s  surface in 18-degree darkness can be found in a manner s imilar  to 

that used in finding the ear th ' s  shadow on the orbit  sphere.  

f igure 49, par t  c, the coordinates of the boundary in ( 8 x, 8" 8 z) axes a r e :  

Referring to 

e 

e 

e 

87 sin e 6 1  
7 

6 cos e 
(8, = 90 - 18 = 72 degrees)  

where 8 is a variable parameter .  6 

I 
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Transforming to  ( 7 x, 7y, 7z)  axes: 

I:! = 

[8'd] 8Xd 

7 'd 8=d 

The angles 4 and c$6 (from which the boundary can be plotted in polar coordi- 

nates)  can then be found from: 
5 

7Xd 
cos 4 = -  

e 6 R  

7'd tan 4 = - 
7Xd 

If 7 ~ d  
R e , then the following formula can be used to obtain 4 6: 

e 
R sin @ =- 6 
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APPENDIX X 

C O M P L E T E  36-STATION, 5-YEAR RUN 

T h e  fol lowing tables show the  results ob ta ined  from t h e  c o m p l e t e  5 - y e a r  

T h e s e  c h a r a c t e r i s t i c s  w e r e :  r u n  us ing  the  orbit c h a r a c t e r i s t i c s  of orbit  1. 

Al t i tude  - 4250 k m  ( c i r c u l a r )  

Inc l ina t ion  - 8 7  d e g r e e s  

Right  Ascens ion  of t h e  Ascend ing  Node - 345 d e g r e e s  

L a u n c h  Da te  - 1 J u n e  1966 

(Launch  time a p p r o x i m a t e l y  6:30 a. m. Pacific S t a n d a r d  Time if  
l aunched  from Pacific M i s s i l e  Range . )  

T h e  m e a n i n g s  of t he  v a r i o u s  e n t r i e s  a r e  explained i n  t h e  s e c t i o n  e n t i t l e d  

" D i s c u s s i o n  and Resu l t s ' '  ( F i n a l  Orb i t  Se l ec t ion ) .  
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APPENDIX XI 

RELATION BETWEEN LOCAL TIME AND LAUNCH RIGHT ASCENSION 

The so la r  t ime at a point on the ear th ' s  surface is the angle f rom the 

plane containing the sun and the ear th ' s  axis, eastward to the meridian 

plane of the point; it is a. m. if the angle is measured  f rom the shadow side of 

the sun plane and p.m.  if  measured f r o m  the bright side. 

is i l lustrated i n  figure 50. 

difference between the point and the s tandard t ime meridian for  the applicable 

t ime zone; for  Pacific Standard Time, this meridian is 120 degrees  West 

and the local so l a r  t ime is 4 minutes slower than Pacific Standard Time for  

This relationship 

The local standard t ime depends on the longitude 

each additional degree of westward longitude. 

I 
-POLAR AXIS 

r.\ I I X I  

MERIDIAN OF 
LAUNCH POINT 5 17SA-Vh-43 

I 

Figure  50. Local Time/Launch Right Ascension Geometry 

XI-1 



To obtain a launch right ascension of s1 , the right ascension of the launch 
7r point is approximately 

orbi ts  ( i > 85"). 

geometry illustrated. 

X e 120. 6" W )  at a n  inclination of 87 degrees ,  A s1 X 2. 0" and local so la r  

t ime lags Pacific Standard Time by 2. 4 minutes. 

n = 345 ", the Pacific Standard Time at launch is thus approximately 
71 2.4 minutes t 1/15 (345 t 2 - - x 90 - 180) hours  
91 

2.4 minutes t 6.46 hours  

t Ai2 , where An =( 7 - i ) tan 4 for  highly inclined 

The local so la r  t ime is then (s1 t AQ - 8 - 180") for  the 
S - 

F o r  launch f rom Vandenburg A F B  ( 4 sz 34" N, 

F o r  a 1 June launch with 

PST 

PST 

PST = 6:30. 0 a. m. 

Similarly, the approximate launch t imes  of other orbi ts  can be found. 

a 



APPENDIX XII  

LATITUDE AND LONGITUDE O F  SATELLITE 

Let a t e r r e s t i a l  coordinate system be defined a s  shown in figure 51, i. e . ,  

with the x axis in  the plane of the equator and through the Greenwich meridian,  

the z axis through the North Pole, and the y axis  normal  in a right-handed 

sense.  Then the orbit  of the satellite can be expressed by the c lass ica l  

orbital  elements representation in this system j u s t  a s  in  the geocentric 

system. The one exception is that the angle of right ascension crossing,  

i s  referenced to the Greenwich meridian ra ther  than the F i r s t  Point of nT' 
Aries.  The angles i, w, and u a r e  defined in  the standard sense,  i. e . ,  

inclination of the orbital  plane, argument of perigee,  and t rue  anomaly of the 

satell i te.  

IZ 

X /  517%-VA-ll 
GREENWICH 
MERIDIAN 

Figure 51. Geometry of Orbit 
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By the laws of Keplerian mechanics, the radius vector,  f, to the satell i te 

is defined as: 

cos (u t w) c o s n  

r = r cos (u  t a) sin 

s in  (u t w) sin i 

- s in  (u t w) cos i s in  a 

t sin (u t w) cos i cos Q 

T 

T [ - 

where 

r = a (1 - e cos E) 

and a and E a r e  the semimajor  axis and eccentric anomaly of the satell i te 

respectively. Then the latitude, 4, and longitude, 8 ,  of the satell i te can be 

defined by the angle between the radius vector and the plane of the equator, 

and the angle between the projection of the radius vector in the plane of the 

equator and the x axis or :  

T 

cos (u t a) sin + t sin (u t w) cos i cos 

cos (u t w) C O S Q  - sin (u t w) cos i s inQ 

s in  ( u t w) sin i 

T 

1 $I = tan - l [  2 2 2 1/2 

- l [  
8 = tan 

(cos (u t w) t sin (u  t w) cos i) 

XI1 -2 


